The European pond turtle Emys orbicularis is seriously threatened across Europe by the non-native common slider, Trachemys scripta, which is included among the 100 most invasive species worldwide. Using ensemble forecast techniques, we analysed the influence of climatic factors on the current distribution of these two species, subsequently projecting the obtained models under two Representative Concentration Pathways (RCPs) to 2050 and 2070, to investigate if global warming would boost direct competition within our study region. We implemented a gap analysis in GIS environment to assess how protected areas (PAs) may be affected by a loss of suitable area for E. orbicularis and by an expansion of T. scripta. An analysis of altitudinal range shift was evaluated, based on obtained projections. We found that both species may gain suitable area in the future, possibly because of the positive effect of increasing temperatures, and are predicted to shift from plain-to-hilly areas towards higher altitudes. These trends result in an increasing overlap of potentially suitable areas for both species, particularly within PAs; moreover, a niche analysis highlights that the results obtained are linked to the environmental niches of the two species. Our findings suggest the necessity, particularly for PAs' authorities, of field monitoring of T. scripta and further research to more comprehensively assess biotic and abiotic factors influencing the invasiveness of this species. Citation: Cerasoli F, Iannella M, Biondi M (2019) Between the hammer and the anvil: how the combined effect of global warming and the non-native common slider could threaten the European pond turtle. Management of Biological Invasions 10(3): 428-448, https://doi.
Introduction
The implementation of Species Distribution Models (SDMs) in the analytical framework aiming at establishing optimal practices for conservation purposes has increased in recent years (Loiselle et al. 2003; Urbina-Cardona and Flores-Villela 2010; Ferreira et al. 2013; Guisan et al. 2013; Treglia et al. 2015; Urbani et al. 2015; Cerasoli et al. 2017; Iannella et al. 2018a, b) . A particularly interesting branch of this research field focuses on the application of SDMs to investigate the expansion dynamics of invasive alien species (IAS) to better inform mitigation measures (Peterson 2003; Ficetola et al. 2007 Ficetola et al. , 2009 Rodder et al. 2009; van Wilgen and Richardson 2012) .
Indeed, the successful establishment of IAS is one of the most relevant issues in conservation biology because of the consequent significant loss of native species and ecosystem services, with the associated management problems and economic costs (e.g. Oreska and Aldridge 2011; Caffrey et al. 2014; Gilioli et al. 2017) observed during recent decades.
The diffusion of invasive species worldwide has not slowed during recent years (Seebens et al. 2017) , despite noticeable efforts in studying, monitoring, controlling and eradicating several taxa by international programs (e.g. DAISIE project for the EU, the NISC for the U.S.A. and the CABI, ISSG or the Convention on Biological Diversity).
The common slider, Trachemys scripta (Thunberg in Schoepff, 1792) , is considered one of the 100 worst IAS in Europe (Scalera 2009) and the most invasive reptile in the world (Kraus 2009 ); imported for pet-trade from North America (Telecky 2001) , this species has been repeatedly released in nature, until the import was stopped by the EU Wildlife Trade Regulation (European Union 1997). However, this act only involved T. scripta elegans (Wied, 1839) , but in many countries it was not extended to the other two subspecies, T. scripta scripta and T. scripta troosti (Holbrook, 1836) , which have flooded the reptile pet market, with the subsequent release of specimens in the wild (EEA 2012) .
The common slider is proven to cause several problems to the European pond turtle, Emys orbicularis (Linnaeus, 1758), a species of conservation concern in Italy. Land use change and habitat loss are certain causes of the decline of E. orbicularis (TFTS Group 1996) , but the presence of T. scripta, which usually represents a tough competitor of the former species, exacerbate the problems for its protection (Polo-Cavia et al. 2014 ). In fact, T. scripta can successfully compete with E. orbicularis for basking places (Cadi and Joly 2003) , causing weight loss and high mortality to this latter species (Cadi and Joly 2004) . Furthermore, T. scripta is a vector of both non-native (Oi et al. 2012; Meyer et al. 2015) and native parasites, cross transmitting them among different native turtle populations (Hidalgo-Vila et al. 2009 ).
Propagule pressure, defined as the disturbance produced by non-natives released in a non-native area, together with resource availability in terms of food, living space and habitat, represent important variables in determining a possible IAS establishment (Kraus 2009; Berg et al. 2016) . Along with these factors primarily acting at local scales, IAS establishment can be prompted also by climate change (Occhipinti-Ambrogi 2007; Walther et al. 2009; Bomford et al. 2010; Bellard et al. 2013; Sorte et al. 2013) .
Considering future climate-change scenarios, the invasion of T. scripta and the possible shift of suitable areas for E. orbicularis could follow uncertain trajectories linked to CO 2 increase. Indeed, different trajectories of atmospheric CO 2 concentration are predicted for the next decades by several Global Climate Models (GCMs), resulting from the Coupled Model Intercomparison Project Phase 5 (CMIP5) (Meehl et al. 2009 ), each of which depicts a different future climate scenario. Depending on the climatechange scenario considered, various dynamics in ecosystem invasions by non-native species can be inferred; in fact, this variation among the predictions of different Global Climate Models (GCM) has been recognised as one of the main sources of uncertainty for SDMs projection to future scenarios (Thuiller et al. 2004; Garcia et al. 2012; Stralberg et al. 2015) .
Our research evaluates the current and future potential distribution of T. scripta in the Italian peninsula and Sardinia with respect to E. orbicularis, based on Ficetola et al. (2009) . We add new data and implement a modelling framework taking advantage of ensemble techniques; indeed, recent years have seen a drastic increase both in the development of platforms permitting species distribution modelling (e.g. Naimi and Araújo 2016; Thuiller et al. 2016 ) and in papers debating and/or applying it (Buisson et al. 2010; Stohlgren et al. 2010; Grenouillet et al. 2011; Poulos et al. 2012; Zhang et al. 2015) .
Materials and methods

Species and study region
Emys orbicularis, classified as "Near threatened" by the IUCN (TFTS Group 1996) and as "Endangered -A2c" in Italy (Andreone et al. 2013) , lives in different types of aquatic habitats, ranging from lakes and ponds to riversides and ditches (Zuffi et al. 2011) . Trachemys scripta has rapidly colonized habitats previously occupied by E. orbicularis (Di Tizio and Di Cerbo 2011) .
A GPS-resolution database of presence points comprising 314 records for E. orbicularis and 4008 (3757 for native and 251 for invaded range) records for T. scripta (see Supplementary material Table S1 ) was generated through the integration of literature data, online search and unpublished data (see Figure 1 for presence points falling within the study region and Figure S1 for native presence localities). Some of the occurrence data for T. scripta falling within the invaded range are also reproductive sites, which could be informative with respect to the fitness of an IAS (Ficetola et al. 2009 ). Nonetheless, we did not consider these sites as a separate data set for modelling for two reasons: the records mostly corresponded to sites already known and considered in Ficetola et al. (2009) and the scarce number of records (< 20) would not properly calibrate the SDMs.
Our study region includes the Italian peninsula and Sardinia (Figure 1) , where both E. orbicularis and the invasive T. scripta occur. In order to highlight areas of possible current co-occurrence of the two species, we calculated in ArcMap 10.0 (ESRI 2010) the number of occurrence localities for E. orbicularis with at least one T. scripta record falling within 10 km and 1 km radius (based on T. scripta range and mean movements reported in Burke et al. (1995) and in Ryan et al. (2008) ).
Model building
Worldclim (ver. 1.4) bioclimatic variables at 30" resolution were chosen as candidate predictors (Hijmans et al. 2005 ) for both the current and the future scenarios (Appendix 1). In order to investigate if and how suitability for E. orbicularis and T. scripta within the study region would change in the future, two "Representative Concentration Pathways" (RCPs) (Meinshausen et al. 2011; Stocker et al. 2014) were chosen to project the SDMs to the 2050 and 2070 scenarios: RCP4.5, as application of the COP21 commitments, in which a slight and controlled increase in greenhouse gases with a peak in 2040 is foreseen, and RCP8.5, also known as the "business as usual" scenario, with the emissions continuing to rise throughout the 21 st century . Following a frequently used approach for dealing with GCM differences (Khanum et al. 2013; Ashraf et al. 2017; Zhang et al. 2017) , we chose to project the obtained SDMs to the conditions predicted by four GCMs, namely BCC-CSM-1 (Wu et al. 2014 Trachemys scripta models were calibrated over both the native and the invaded range, to improve prediction performance and reduce model uncertainty (Broennimann and Guisan 2008) .
In order to avoid spatial autocorrelation among presence records, which could result in misleading predictions (Fourcade et al. 2014 ) and inflation of model discrimination metrics (Veloz 2009 ), the database for each species was spatially thinned through the spThin R package (thin.par = 10 km, reps = 10) (Aiello-Lammens et al. 2015) . The thinned records were further tested for spatial autocorrelation through the Moran's I test in ArcMap 10.0 (ESRI 2010).
Multicollinearity within our set of 19 bioclimatic variables can cause distortions in the estimation of model parameters and variable importance (Dormann 2007; Crase et al. 2012) and was addressed by building a correlation matrix (Table S2 ). For the pairs of variables with Pearson | r | > 0.85 (Elith et al. 2006) , we chose to keep the variable known to be more relevant in terms of the species' life-history traits (Ficetola et al. 2009; Di Tizio and Di Cerbo 2011; Zuffi et al. 2011; Dormann et al. 2013; Brandt et al. 2017) . When a pair of variables, both of which are considered biologically relevant, slightly exceeded the selected threshold of r, we kept both as predictors for model building (Rissler and Apodaca 2007; Werneck et al. 2011) .
The presence-background SDMs (Guillera-Arroita et al. 2015) for the two species were built in R (R Core Team 2016) through the ensemble modelling package biomod2 (Thuiller et al. 2016 ). For the current conditions, the "BIOMOD_FormatingData" function was used to generate 10 sets of 1000 pseudo-absences each. Disk strategy (Thuiller et al. 2016 ) was chosen to randomly select the pseudo-absences within a buffer of 2 ÷ 150 km for E. orbicularis and 2 ÷ 600 km for T. scripta; this last buffer is wider because of the greater extent of T. scripta native range.
The algorithms used for model building were: a) parametric Generalized Linear Models (GLM) (McCullagh 1984); b) spline-based regression Multivariate Adaptive Regression Splines (MARS) (Leathwick et al. 2005) ; the two machine learning techniques c) Gradient Boosting Models (GBM) (Elith et al. 2008 ) and d) Maxent .
Each algorithm was parameterized as follows: GLM and MARS, with formula = "quadratic" and interaction level = 3; GBM, with 10-fold cross validation procedure, maximum n° of trees = 5000, interaction depth = 3, bag fraction = 0.5 and shrinkage = 0.001; Maxent, with maximum n° of iterations = 2000, setting the remaining parameters as default.
Model evaluation and Ensemble Forecast
For each of the models built on each of the 10 sets of presence-pseudoabsence data, 5 evaluation runs were performed, using 80% of the data to calibrate the model and the remaining 20% for the evaluation, resulting in a total number of 200 models for the current conditions (= 4 algorithms × 10 sets of presence-pseudoabsence data × 5 evaluation runs). Default prevalence = 0.5 in the "BIOMOD_Modeling" function was set, so that the weighted sum of the presences equals the weighted sum of the absences for each model.
Model discrimination was evaluated through both the Area Under the Curve (AUC) of the Receiver Operating Characteristic Curve (ROC) ) and the True Skill Statistic (TSS) (Allouche et al. 2006 ).
The ensemble modelling was performed for all the initial models which achieved an AUC value > 0.8 and a TSS value > 0.7. The algorithms used to build the ensemble models (EMs) were: "weighted mean of probabilities" (wmean), which results in EMs whose predictions are obtained by averaging the predictions of the single models after assigning them weights based on their AUC and TSS values (Thuiller et al. 2016) ; "coefficient of variation of probabilities" (cv), which permits to estimate the uncertainty within the predictions of the EM; "median of probabilities", which is reported to be less sensitive to outliers with respect to the mean (Thuiller et al. 2016) . Model extrapolation degree within the different future scenarios was checked through the "mess" function of the dismo R package (Elith et al. 2010; Hijmans et al. 2017 ). Subsequently, the raster maps resulting from the projection of the obtained EMs to the future scenarios predicted by the four different GCMs were processed through the MEDI algorithm ), a weighted-averaging procedure used to deal with differences in model extrapolation requirements to each future scenario. Moreover, given that changes in the predictors' correlation structure between projecting and calibrating datasets may add uncertainties to SDMs' projections (Mesgaran et al. 2014) , we built correlation matrices to easily visualize noticeable changes in the predictors' correlations. The algorithm used to build such matrices is reported, along with the matrices themselves, in Appendix 2.
All raster calculations and corresponding cartographic analyses were performed in ArcMap 10.0.
Variable importance within the EMs was assessed through the algorithm-independent randomization procedure implemented in biomod2 Bucklin et al. 2015) . The number of permutations to be performed in order to estimate the contribution of each predictor was set to 5. The raw mean contributions resulting from the 5 randomization runs were normalized by dividing the importance score of each predictor by the sum of the importance scores of all the 11 predictors selected for modelling (Bucklin et al. 2015) , and then by multiplying the resulting quotient by 100, to obtain percent contribution scores.
Loss, gain or stability of the areas predicted as suitable for the two species over time (current vs 2050 and 2070, for each of the considered RCPs) were measured by means of the "BIOMOD_RangeSize" function. Since this procedure needs binarized predictions (i.e., suitable vs unsuitable areas), we selected a binarization threshold for each species through the ecospat R package (Di Cola et al. 2017) , maximising the TSS on the EM predictions. In fact, previous research demonstrated that maximization of the TSS in presence-background models permits selection of the same threshold as would be selected with presence-absence data, resulting in a more reliable binarization (Liu et al. 2013) .
Binary raster maps were further processed in ArcMap 10.0, and the extents of the three range shift categories (Loss, Stable, Gain) within the different future scenarios were calculated. Gap analysis (Scott et al. 1993; Jennings 2000) was performed in ArcMap 10.0 to investigate how the predicted changes of suitability patterns within the study region for E. orbicularis and T. scripta, under the different climate change scenarios considered, could affect the Italian network of protected areas (PAs). The shapefiles of the PAs were downloaded from the geo-portal of the Italian Ministry of the Environment (http://www.pcn.minambiente.it).
Finally, the shapefiles resulting from the estimates of range size changes were further analysed to highlight possible shifts of E. orbicularis and T. scripta along the altitude gradient, using a 1 km 2 -resolution Digital Elevation Model (DEM), downloaded from the geo-portal of the Italian Ministry of the Environment (http://www.pcn.minambiente.it) and clipped to the boundaries of each category (i.e. Loss, Stable, Gain) in ArcMap 10.0. This procedure was performed to estimate the magnitude of variations in the suitable area (lost, maintained or gained) for the two species at increasing altitude intervals.
Niche comparison
We used the "ecospat.niche.overlap", "ecospat.niche.equivalency.test" and "ecospat.niche.similarity.test" functions from the ecospat package (Di Cola et al. 2017) to test the level of similarity between the environmental niches (Warren et al. 2008; McCormack et al. 2010 ) of E. orbicularis and T. scripta. The observed value of niche overlap between the EMs obtained for the two species under current conditions, expressed by the Schoener's D metric (Schoener 1968) , was compared to the 2.5 th and 97.5 th quantile of the null distributions obtained from the niche equivalency and similarity tests (1000 replicates) (Warren et al. 2008) . In the first test, the null hypothesis is that observed niche overlap is greater than niche overlap between the simulated niches, while the null hypothesis of the niche similarity test is that the observed niche overlap is greater than the overlap between the niche of the native species and the simulated niches from the background of the invasive species (Di Cola et al. 2017) . The selection of background points needed for each species in the background test was performed through the "Sampling Design Tool" in ArcMap 10.0 (Buja and Menza 2013) .
Results
The proximity analyses resulted in 30 co-occurrences (9.6% of the total 314 records for E. orbicularis) when considering a 1 km radius, and 93 co-occurrences when considering a 10 km radius (29.6%). The number of presence records after the spatial thinning was 272 for E. orbicularis and 183 for T. scripta, respectively the 86.6% and the 72.9% of the initial dataset available for each species falling within the study region (Figure 1) . Further, the spatial thinning of native range dataset for T. scripta resulted in 1002 presence localities out of the initial 3757; a total of 1185 records were finally used for T. scripta model calibration.
Checking for spatial autocorrelation within the thinned presence data sets of the study area, we obtained Moran's I = 0.027 (expected value = −0.004), with z-score = 1.269 and P = 0.204, for E. orbicularis, and Moran's I = 0.026 (expected value = −0.006), with z-score = 0.792 and P = 0.428 for T. scripta.
Eleven bioclimatic variables (BIO2, BIO4, BIO5, BIO6, BIO8, BIO9, BIO10, BIO12, BIO16, BIO17 and BIO19) were selected as predictors after having checked for multicollinearity. Correlation matrices (Appendix 2) show differences among the considered GCMs in correlation changes between projection and calibration conditions of predictors; indeed, for CCSM4 and BCC-CSM-1 some pairs of predictors revealed inversion of the correlation trends, while the correlation structure remained more consistent for CNRM-CM5 and MIROC. However, none of the highly contributing variables for both species (see below) seem to be strongly affected by correlation changes; these patterns, together with the use of the MEDI algorithm to deal with extrapolation issues, reduced the uncertainties related to future predictions.
The wmean maps show that a portion of the respective predicted suitable areas overlap for the two species (Figure 2A) ; the ratio between the overlap area and the area predicted as suitable for each species, computed considering the binarized maps obtained after applying the selected thresholds (see below), was 19.6% for E. orbicularis and 90.1% for T. scripta. The low values of cv (≤ 0.1) throughout the maps for both E. orbicularis and T. scripta confirm the low degree of uncertainty of the suitability patterns predicted by the EMs (Figure 2A ). Furthermore, the high similarity between the median maps ( Figure S3 ) and the wmean maps strengthens the reliability of the EMs' predictions. The output of the niche equivalency test allows us to reject the null hypothesis that the environmental niches of E. orbicularis and T. scripta are indistinguishable: in fact, the observed niche overlap value was D = 0.307, well outside the 97.5 th percentile of the null distribution (D 2,5% = 0.204, D 97.5% = 0.264, p = 0.001). The results of the niche similarity test, however, did not confirm that the niches of two species are more similar than expected based on their habitat availability, considering that the observed D value falls between the 2.5 th and the 97.5 th percentile of the null distribution obtained (D 2,5% = 0.009, D 97.5% = 0.498, p = 0.004). Results of both the niche tests are also graphically illustrated through the histograms shown in Figure 2B , 2C.
The four highest normalized variable importance scores resulting from the wmean EMs for the two species are: for E. orbicularis, BIO10 = 39.4%, Figure 2 . A) Weighted mean (larger) and coefficient of variation (smaller) maps resulting from the ensemble models obtained for the two target species; B) histogram of Schoener' D null distribution resulting from niche equivalency test performed on the two target species; C) histogram of Schoener' D null distribution resulting from niche similarity test. For both B) and C), the black arrow represents the observed niche overlap value, while the dashed lines define the 2.5 th and the 97.5 th percentile of the obtained null distributions. BIO5 = 12.2%, BIO9 = 11.3% and BIO19 = 10.5%; for T. scripta, BIO10 = 42.8%, BIO16 = 20.5%, BIO5 = 10.4% and BIO2 = 8.0%. The corresponding response curves are shown in Figure S2 . The two species share BIO10 as the highest contributing variable, with a similar trend, even though the positive relationship with predicted suitability is more accentuated for T. scripta. Moreover, E. orbicularis and T. scripta share another temperature-linked variable (BIO5), among the highest contributing ones, notwithstanding some differences in the respective trends.
The binarization thresholds selected through the TSS-maximization procedure were 0.550 for E. orbicularis and 0.490 for T. scripta; we chose a single threshold (= 0.540) for which the TSS was close to the optimal one (difference lower than 0.1) for both species, to make the measures of range shifts less dependent upon the peculiarities of each species' EM and to facilitate comparisons. The maps representing the range shifts predicted from the projection of the wmean EMs to the different future scenarios are shown in Figure 3 , accompanied by histograms quantifying the extent of each range shift category (i.e. Loss, Stable, Gain). While for E. orbicularis a noticeable loss of suitable habitat is predicted for both the 2050 and 2070 RCP8.5 scenarios, T. scripta is predicted to greatly extend its suitable area under all the scenarios.
Particularly, Figure 4A shows, for both the species and for each future scenario, the extent of the area predicted as stable in PAs, as well as the difference between gained and lost areas within PAs. Figure 4B shows the ratio between the overlapping suitable areas for the two target species and E. orbicularis' suitable area (light grey). Moreover, it reports the ratio between the aforementioned overlapping areas falling within PAs and the corresponding PAs' extent (grey). The ratio between T. scripta suitable area and the extent of PAs hosting these suitable conditions is also shown (dark grey).
Both species are predicted to gain suitable areas within PAs under all the considered future scenarios, with T. scripta showing a clear increase along the RCP gradient ( Figure 4A ). First, under each future scenario, more than the 50% of the extent of suitable areas for E. orbicularis correspond to areas predicted as suitable also for T. scripta ( Figure 4B) . Second, areas predicted as suitable for both species within PAs under the 2050 scenarios cover more than 20% of the total extent of the PAs containing these overlapping suitable areas, and this percentage rises to more than 30% under the 2070_RCP4.5 scenario. Third, the percent extent of areas predicted as suitable for T. scripta within PAs with respect to the total extent of the PAs hosting suitable conditions for this species is higher than 30% for all the future scenarios except the 2050_RCP4.5 scenario.
The altitude shift analysis for E. orbicularis (Figure 5A , C) for 2050 and 2070 indicates that this species would experience the loss of currently suitable areas mainly in flat and hilly territories (up to 600 metres), while the gain of suitable areas would occur mainly within the montane zone, with a further shift towards the subalpine zone (up to 1600 metres in 2050 and up to 1700 in 2070) under the RCP8.5 scenario. Analogously, Figure  5B , 5D highlight the predicted shift of suitable areas for T. scripta towards the montane regions for all the future scenarios considered.
Discussion
One of the major threats to the survival of E. orbicularis is represented by T. scripta. It has been estimated that, prior to 1997, more than 900,000 individuals were imported in Italy (Ferri and Di Cerbo 2000) , leading to a high propagule pressure on wide portions of the Italian territory. Models' projections to future scenarios and the protected areas (PAs) of the Italian peninsula and Sardinia. Extent of stable areas and net gain (calculated as: areas gained -areas lost by the species under the future scenario) are depicted for each species. B) Percent extent of areas predicted as suitable for both E. orbicularis and T. scripta, with respect to the overall extent of areas predicted as suitable for E. orbicularis (light grey); percent extent of areas predicted as suitable for both species within PAs, with respect to the sum of the extents of the PAs containing these overlapping suitable areas (grey); percent extent of areas predicted as suitable for T. scripta within PAs, with respect to the sum of the extents of the PAs containing suitable areas for this species (dark grey). Even though the proximity analyses showed that the number of present co-occurrences is relatively low within 1 km radius, the overlap analysis on the binarized habitat suitability revealed that almost the entire T. scripta suitable area falls within ranges suitable for E. orbicularis. On the flip side, a non-negligible portion of E. orbicularis suitable area is potentially intersected by T. scripta. From the projection of the EMs to the future scenarios, E. orbicularis is predicted to lose a large portion of currently suitable area, especially under the scenarios of high radiative forcing (RCP8.5). Gains observed under both the RCP4.5 future scenarios could counterbalance area lost by the species, while, for the RCP8.5, losses equal or overwhelm gains, with the depletion of wide continuous suitable territories in northern Italy. Gain of suitable territories predicted only for E. orbicularis is limited to some areas in the southern Piedmont and Liguria, southern Abruzzi, Molise and western side of Calabria, offering some potential refuge areas. However, these territories are not currently inhabited, or only to a limited extent, by this native pond turtle.
In contrast, the potential invasiveness of T. scripta appears more extensive under all future scenarios, notwithstanding the conservative threshold value used to binarize the EM projections when investigating the possible future range shift of this species. Indeed, the substitution of the native E. orbicularis with the invasive T. scripta is predicted across some large areas (e.g. the Po valley) especially under the RCP8.5 scenario (see Figure 3B , 3D); in these areas, much of the T. scripta predicted gain will not directly affect E. orbicularis, which is predicted to concurrently disappear from them due to new unsuitable climatic conditions. The potentially suitable areas for T. scripta are predicted to continuously extend within all the considered scenarios, with very high rates of colonization (gain) and no predicted losses: the absence of losses could be due to the limited extent of suitable areas under current climate ( Figure 2B ), which remain stable in all the projections to future scenarios. These patterns are probably linked to the increase in maximum temperatures, which our EMs show to be highly influential for both E. orbicularis and T. scripta (BIO10 and BIO5).
Our ensemble forecasts are in line with the predictions reported in Ficetola et al. (2009) ; their models find a negative influence of low precipitation values on predicted suitability, which is corroborated by the T. scripta response curve to precipitation of the wettest quarter (BIO16) ( Figure S2 ). Low humidity (and the extreme case of droughts) has detrimental effects on T. scripta, especially for embryo development, hatchling success (Tucker and Paukstis 2000; Delmas et al. 2008) , and adult resources availability (Friggens et al. 2013) . Obviously, the existence of wetlands depends on a certain amount of precipitation. The EMs obtained for T. scripta confirm the importance of BIO16 and BIO5 in defining suitable conditions for this species; as reported in Ficetola et al. (2009) , the temperature of the warmest month (and reasonably the temperature of the warmest quarter [BIO10]) plays a key role in both reproductive and non-reproductive populations, and precipitations are positively linked with the occurrence of T. scripta. Furthermore, Ficetola et al. (2009) forecasts about the probable expansion of this IAS associated with global climate change are confirmed by our projections and extended to a longer time span.
The overlapping suitable area to both the species under both the current and the future scenarios (cf. Figure 2, 4B) , together with the confirmation of a slight similarity between the environmental niches of E. orbicularis and T. scripta (D = 0.307), even though not confirmed as independent from the respective backgrounds (see Results), represent important warnings for the conservation of E. orbicularis (Vicente et al. 2011 ). In addition, a partial overlap of trophic niches between the two species was recently observed in Italy by Balzani et al. (2016) , further jeopardizing E. orbicularis' invaded populations.
The role of PAs in the future will be of crucial importance, especially when they will have to deal with habitat or species management and spatial planning of their territories in response to IAS and climate change (Araújo et al. 2011) . In both 2050 and 2070, an increase of suitable areas for T. scripta is expected to be observed under both RCP4.5 and RCP8.5, corresponding to a potential sympatry in PAs with E. orbicularis (cf. Figure 4B) , for which the predicted suitable areas within PAs tend to increase in a similar way (cf. Figure 4A) .
The gain counterbalancing the loss of suitable area for E. orbicularis in all the future scenarios, except the 2070_8.5 one, may seem positive at first, but it must be interpreted with some considerations about which areas are predicted to become suitable. In fact, the range shift of E. orbicularis is accompanied by an altitude shift, a phenomenon observed for many other taxa (Gottfried et al. 1999; Chen et al. 2011; Stanisci et al. 2016; Scherrer et al. 2017; Urbani et al. 2017) ; this potential upward displacement is predicted also for T. scripta ( Figure 5 ). In this context, only some isolated patches seem to offer refuge areas to E. orbicularis, which is predicted to gain new territories at higher altitudes than T. scripta in the southern part of the Apennines, while the altitudinal shifts of the two species in many other territories would lead to potential co-occurrence. This means that the two species would potentially have to compete in many new areas, a challenge in which T. scripta will be probably favoured because that species is not habitat specific (Gibbons 1990 ) and shows high dispersal capabilities (Ryan et al. 2008 ).
Conclusions
The future scenarios emerging from our analyses are of concern for the conservation of the native E. orbicularis. Both the predicted current and future suitable areas for the European pond turtle are analogously potentially suitable for its strong competitor T. scripta, in a large portion of the Italian peninsula and Sardinia (i.e. more than half of the total predicted suitable areas for E. orbicularis).
As highlighted through the gap analysis, PAs may soon have to oversee specific strategies to deal with the potential sympatry of E. orbicularis and T. scripta. Our projections show that many mountainous areas, which are currently protected by nationally-or internationally-established PAs, may become suitable for both species, potentially threatening the remaining E. orbicularis' populations. Indeed, while this species only migrates to new suitable areas through natural ecological corridors, T. scripta may gradually invade new areas via human-mediated releases, nullifying habitat management and native species protection. Nevertheless, predictions of future range shifts should not be accepted on blind faith, since it has been shown that correlative SDMs may fail in accurately predict range expansion or contraction under future climate scenarios (Sofaer et al. 2018 ). This should encourage future studies deepening the knowledge on the ecophysiological responses of E. orbicularis and T. scripta in a climatechange context, to more fairly evaluate SDMs' predictions of potential future sympatry areas. Moreover, further research is needed to increase the amount of data regarding reproductive sites for T. scripta to more easily investigate biotic and abiotic factors influencing successful reproduction in invaded territories. We suggest that further fine-scale analyses will have to be conducted by authorities of PAs in the next years, followed by updated management plans to address specific conservation issues raised by the non-native T. scripta. Finally, we recommend extensive environmental education campaigns specifically addressed to the problems that IAS cause to native fauna, such as avoiding the release of animals in protected areas. Appendix 2. The algorithm used to explore changes within the predictors' correlation structure between current climatic conditions and future scenarios predicted by the four considered Global Climate Models. Table S1 . Species' dataset used in SDMs calibration. Table S2 . Correlation matrix used to select the predictors for the Ensemble Models. Values of autocorrelation exceeding the chosen threshold are highlighted (Pearson's r > 0.85, in red, or r < −0.85, in yellow). Figure S1 . Map of North America representing the native range of Trachemys scripta, with presence localities (for details, please see Table S1 ). The native range is based on the USGS' map available at https://nas.er.usgs.gov (accessed February 19, 2018) . Figure S2 . Response curves of mean diurnal range (BIO2), maximum temperature of warmest month (BIO5), mean temperature of the driest quarter (BIO9), mean temperature of the warmest quarter (BIO10), precipitation of the wettest quarter (BIO16) and precipitation of the coldest quarter (BIO19), representing the variables with the highest normalized importance scores within the Ensemble Models obtained for A) Emys orbicularis and B) Trachemys scripta. Figure S3 . Ensemble Models of median habitat suitability obtained for the Emys orbicularis and Trachemys scripta for the Italian peninsula and Sardinia.
